ABSTRACT Visible light communication (VLC) systems working as high-speed and short-range wireless connection methods have attracted more and more attention. This paper proposes a variable pulse width unipolar optical orthogonal frequency-division multiplexing (VPW-OFDM) scheme for indoor VLC systems. Similar to the polar-based optical OFDM, Hermitian symmetric data are not required to generate real signals. Instead, the magnitude and phase components of the complex-valued OFDM signal are transmitted successively. Unlike the polar-based optical OFDM, the proposed VPW-OFDM allows using variant pulse widths to reduce the effects of the noise added on the phase component. By adaptively optimizing the pulse widths, the proposed VPW-OFDM outperforms the polar-based OFDM and other state-of-the-art optical OFDM techniques, such as dc-biased optical OFDM, asymmetrically clipped optical OFDM, and unipolar-OFDM. For indoor VLC systems, illumination requirement is crucial and needs to be considered. In this paper, we analyze the effects of the illumination requirements on system performance. Bit error rate and transmitted bit rate are used as criteria to evaluate the communication performances for the techniques tested. In addition, the system channel with bandwidth limitation is taken into account. To enhance the data throughput, a single-tap equalizer at the receiver and the bit loading algorithm are applied. From the numerical results, the proposed VPW-OFDM outperforms DCO-, ACO-, U-, and polar-based OFDM for a wide channel bandwidth.
I. INTRODUCTION
Visible light communication (VLC), using light-emitting diodes (LEDs) as transmitters, becomes a candidate technique for indoor wireless connections [1] . Compared with radio-frequency (RF) communications, VLC can provide the data transmission and illumination simultaneously, is immune to RF interference, can offer higher transmission rate, and is safe for human health [2] . LEDs working as lighting sources and indicators are widely used in many aspects of our daily lives due to their long life expectancy and low power consumption. Therefore, VLC systems have huge market potential for high-speed short-range wireless data connections.
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However, due to the natural characteristics of LEDs, the emitting light is non-coherent, and only intensity modulation and direct detection (IM/DD) can be used in VLC systems. Therefore, complex and negative valued signals cannot be transmitted directly through the transmitters [3] . In addition, LED is a nonlinear and bandlimited device because of its peak radiation power limitation and slow-rise time. Thus, specific modulation schemes for VLC need to be explored and designed.
Recently, orthogonal frequency division multiplexing (OFDM) has attracted much attention in research for VLC due to its high modulation efficiency [4] - [6] . However, the conventional OFDM techniques from RF communication cannot be directly adopted. To create real and positive valued OFDM signals, Hermitian symmetry is required. Using Hermitian symmetry, many techniques are proposed to generate real and positive valued signals, such as DC-biased optical OFDM (DCO-OFDM), asymmetrically clipped optical OFDM (ACO-OFDM) and unipolar OFDM (U-OFDM) (also known as Flip-OFDM) [7] - [10] . However, Hermitian symmetry only uses one half of the total frequency subcarriers to modulate the data, which uses the other half of the subcarriers to generate the real-valued signals. Polarbased OFDM is proposed to use all the subcarriers for modulation without using Hermitian symmetry [11] . Instead, the magnitude and phase components of the complex-valued signals in polar-based OFDM can be directly transmitted via two consecutive time slots with the same duration. Considering the peak radiation power limit, the signals with values greater than the constraint must be hard clipped, therefore, clipping distortion is introduced to degrade the system performance. For polar-based OFDM, clipping only happens on the magnitude component. The noise added to the phase component dramatically impacts on the system performance, which is more severe than that on the magnitude part.
In this paper, we propose a variable pulse width unipolar OFDM (VPW-OFDM) to reduce the effects of the noise added on the phase. Similar to polar-based OFDM, the magnitude and phase information of the complex-valued signals can be transmitted individually. However, the pulse widths of the magnitude and phase components can be optimized to manage the received noise power and improve the overall SINR. Considering the peak power clipping, we optimize the modulation index to control the scale of the pulses for transmitting the magnitude component. In addition, since the illumination requirements can affect the system performance, we discuss the illumination performance of the proposed VPW-OFDM and compare the illumination levels provided by DCO-, ACO-, U-and polar-based OFDM. In addition, the channel with different bandwidth limitations are considered and tested for VPW-OFDM and the state-ofthe-art optical OFDM techniques.
The remainder of the paper is organized as follows. Section II describes the principles of the proposed VPW-OFDM system. Practical considerations, such as illumination requirement and bandlimited channel are discussed in Section III. Section IV shows numerical and simulation results of the system performance. Finally, the paper is concluded in Section V.
II. VPW-OFDM SYSTEM
This section describes the principles of VPW-OFDM systems. We first derive and model the transmitted and received signals. Then, the system performance and the pulse widths optimization are discussed. To simplify the problem, the geometry of an indoor environment is not taken into account.
A. TRANSMITTED SIGNALS
For the proposed VPW-OFDM system, we use M -ary quadratic amplitude modulation (M -QAM) to achieve a high spectral efficiency. Fig. 1 shows a block diagram of a VPW-OFDM transmitter. In this figure, X i represents the M -QAM data for the ith subcarrier. In one OFDM symbol, the kth sample can be obtained after inverse fast Fourier transform (IFFT), as
where N is the number of subcarriers. After the Cartesian to polar converter, the magnitude and phase information can be obtained, the kth sample of which can be represented as represented as
where g(T , t) is the rectangular transmitted pulse waveform function, applied in this system, with a pulse width, T . In (2), T m and T p are the pulse widths of the magnitude and phase information, respectively. β is a coefficient that controls the scale of the magnitude component, which is defined as the modulation index. ψ(x) is a nonlinear function that describes the peak power constraint as
where P max represents the peak radiation power. Fig. 2 shows an example of the VPW-OFDM signals. In this figure, the magnitude and phase components of the complex-valued data are individually transmitted. The pulse widths for the magnitude and phase information are not necessarily the same, which can be adaptively adjusted based on the noise level and clipping distortion. In Fig. 2 (a) and (b), two examples of different pulse widthes are illustrated. From this figure, the pulse width of the magnitude component in (a) is more narrow than that in (b). The OFDM symbol duration can be calculated as T s = N (T m + T p ). In Fig. 2 (a) , for the magnitude part, the signals beyond the peak transmitted power must be hard clipped. However, there is no clipping distortion when transmitting the phase component since it is normalized and constrained in a range from 0 to P max .
B. RECEIVED SIGNALS
At the receiver, the optical signal can be received and converted to the electrical signal. As shown in Fig. 3 , the matched filters with pulse widths T m and T p are used to detect the magnitude and phase components, respectively. Then, after sampling and the polar to Cartesian converter, the nth sample for the received signal in one OFDM symbol can be represented as
Based on the Bussgang theorem, α describes the power loss due to the peak power clipping, which can be estimated by [12] 
where the function Var(x) represents the variance of x [12] . The probability density function (pdf) of β|x[k]| can be derived as
where σ 2 x represents the variance of
represents the nth sample of the noise added on the magnitude component, which is illustrated as
where w m [n] and w c [n] represent the additive noise on the magnitude part the clipping noise due to the peak power limit, respectively. They are Gaussian distributed. The variance of w m [n] can be calculated by
where N o is the noise spectral density, which includes thermal noise and shot noise. The variance of the clipping noise, w c [n] can be calculated by
where erfc(·) is the complementary error function, which is defined as erfc
is the nth sample of the noise added to the phase component, which is also a Gaussian process with zero mean, and the variance is represented as 
C. SIGNAL TO NOISE RATIO AND BIT ERROR RATE PERFORMANCE
After FFT, the reconstructed M -QAM data of the qth subcarrier can be represented as
where
, which can be modeled as a Gaussian random variable with zero mean, based on the central limit theorem (CLT). The variance of G q , σ 2 G , is a function of σ 2 c , N 0 , T p , T m and N , which is represented as
Since we assume
Thus, the optimal pulse widths of the magnitude and phase components for minimizing the equivalent noise variance can be achieved and represented as
Optimizing T p and T m compromises the noise effects on the phase and magnitude components. Since the phase is more sensitive to noise than the magnitude, optimizing T p and T m maximizes the overall SINR. Therefore, the minimum equivalent noise variance is σ 2 G (T * p ). To simplify the notation, we define
Then, substituting (15) into (11), the M -QAM data of the qth subcarrier can be rewritten as
Therefore, the SINR can be represented as
where E{|λ( )| 2 } can be calculated as
the derivation of which is illustrated in the Appendix. Using the expression of SINR in (17), the bit error rate (BER) can be approximated by using [13] BER
where M represents the modulation constellation size for QAM data.
D. BANDWIDTH EFFICIENCY ANALYSIS
This section discusses and analyzes the bandwidth efficiency of VPW-OFDM. Unlike DCO-, ACO-, and U-OFDM, the proposed VPW-OFDM does not require the Hermitian symmetric data to generate the real-valued signals, VOLUME 7, 2019 which allows using all the subcarriers to modulate the valid data. However, two signal frames are used to transmit the magnitude and phase information, respectively. Therefore, the required bandwidth is doubled compared to DCO-OFDM. ACO-OFDM only uses the odd numbered frequency subcarriers for modulation, the bandwidth utilization efficiency of which is a half of DCO-OFDM. U-OFDM transmits the positive and negative components of the bipolar real-valued signals in two adjacent frames, which requires a twice higher bandwidth than DCO-OFDM. Therefore, without constraining the BER, the bandwidth efficiency comparison of DCO-, ACO-, U-, VPW-, and polar-based OFDM can be shown as µ DCO = 2µ VPW = 2µ polar = 2µ ACO = 2µ U , where µ DCO , µ ACO , µ U , µ VPW and µ polar represent the bandwidth efficiency of DCO-, ACO-, U-, VPW-, and polar-based OFDM, respectively. The bandwidth efficiency analysis considering the BER is discussed in Section IV.
III. PRACTICAL CONSIDERATIONS
For VLC systems, some practical considerations, such as illumination requirements and the bandwidth constrained LEDs need to be taken into account. In this section, we discuss the effects of these two realistic considerations.
A. ILLUMINATION REQUIREMENTS
Illumination requirement is crucial for VLC systems since VLC is built based on the existing lighting facilities. For different illumination requirements, the VLC systems are required to control the dimming level and guarantee an acceptable data transmission performance at the same time.
The pulse widths for the magnitude and phase components affect the average optical power that decides the illumination level. Therefore, we analyze and discuss the effects of illumination on communication performance by adjusting the pulse widths and the modulation index, β. The received average optical power decides the illumination level. In this paper, we use the average optical power as the metric to measure the illumination. For the phase component, x[k] can be modeled as random variable with a uniform distribution, therefore, the probability density function of x[k] ∀ k can be represented as f p (x) = 1 2π . To simplify the problem, we ignore the channel loss. Then, the optical average received power can be calculated bȳ
where η represents the ratio of T p and T m , η = T p /T m . f (x, β) is the pdf function of the magnitude component of VPW-OFDM signal, which is derived in (6). From (20), β and η are two design parameters that controls the average optical power. Fig. 4 shows the normalized average optical power using VPW-OFDM with different β and η. From the results, a larger value of β results in a higher average optical power since the scale of the magnitude component of the transmitted signal decides the average optical power. When β is large and the magnitude component of the signal experiences peak radiation power clipping distortion, the average optical power decreases as the ratio of T p and T m increases. On the contrary, the average optical power increases for a small β with clipping. Finally, the average optical power converges to P max /2 when T p is much larger than T m for any β. Since the average power of the phase component is P max /2, a larger η makes the overall average power closer to P max /2. For a given η, the modulation index, β, is used to control the illumination. The illumination level and the peak power clipping distortion is a trade off for the power constrained transmitters.
B. BANDLIMITED CHANNEL
Due to the reflections of furniture, walls and other objects, the indoor VLC channel is dispersive. For a typical indoor environment, the channel bandwidth is round 100 MHz [14] . Due to the slow-rise time, LEDs' bandwidth is severely constrained. For commercial lighting LEDs, the bandwidth is usually limited to a few tens of MHz, therefore, we model the overall VLC system as a first-order lowpass filter [15] , [16] .
As shown in Fig. 5 , an example of the frequency response of the bandlimited LED is illustrated. Since the magnitude of the channel response varies over the frequency, the bits loaded on each frequency subcarrier can be optimally chosen. The SINR for the qth subcarrier can be derived from (17) and represented as
where |H q | represents the absolute value of the frequency response for the qth subcarrier. We assume the phase distortion can be perfectly eliminated by using a single-tap equalizer at the receiver. The loaded bits on each subcarrier can be optimized by using the brute-force process as
where M q represents the modulation constellation size for subcarrier q. B max is set as the acceptable BER to guarantee the communication performance. With the help of forward error control (FEC) codes, B max is usually set to 10 −3 [17] , [18] . R s is the OFDM symbol rate that is calculated as 1/(N (T m + T p )). For conventional OFDM in RF systems, a cyclic prefix (CP) is commonly applied to eliminate the intersymbol interference (ISI) caused by the signals in the adjacent OFDM frames [19] , [20] . Optical OFDM also usually adds a CP in front of each OFDM frame to reduce the ISI between frames [21] . The ISI within one OFDM frame can be easily eliminated by using a single-tap equalizer after FFT. However, the proposed VPW-OFDM requires a nonlinear operation to reconstruct the M -QAM data since the magnitude and phase components of the complex-valued signal are received individually, which makes the ISI reduction within one OFDM frame difficult. How to reduce the ISI within one frame using a nonlinear operation at the receiver is another research topic that is beyond the scope of this paper. Here, we only discuss the performance of the proposed VPW-OFDM using the traditional single-tap equalizer.
IV. NUMERICAL RESULTS AND DISCUSSIONS
Numerical results of the performance of the proposed VPW-OFDM are shown in this section. VPW-OFDM is compared with ACO-, DCO-, U-and polar-based OFDM as benchmarks. To make the comparison fair, the OFDM symbol rate for the techniques that use the same modulation is the same. The results shown are derived from the analysis shown above; they have been validated through simulation. For all the results shown in this section, the noise added on the received signal is assumed to be Gaussian distributed. Unless otherwise noted, the parameters used to obtain the numerical results are shown in Table 1 . In this section, we first consider the non-bandlimited case. Then, the performances using bandlimited LEDs are analyzed. In addition, the effects of illumination on BER performance is discussed.
A. WITHOUT LED BANDLIMITATION
High peak-to-average power ratio (PAPR) is a drawback for OFDM techniques, which causes severe nonlinear distortion when using a power constrained transmitter. In Fig. 6 , Monte Carlo simulation is used to test and compare the PAPR of the proposed VPW-OFDM with DCO-, ACO-, U-, and polar-based OFDM. In this figure, the PAPR of ACO-OFDM and U-OFDM is around 14 dB and 16 dB, respectively, for an increasing modulation index. Since ACO-OFDM only uses the odd numbered frequency subcarriers for modulation, there is a 2 dB PAPR advantage over U-OFDM. Since a constant DC offset is added to the DCO-OFDM signal, the PAPR of DCO-OFDM is much lower than ACO-and U-OFDM given a small value of modulation index. Then, the PAPR of DCO-OFDM dramatically increases as the scale of the signal increases. In general, VPW-and polar-based OFDM achieve a similar PAPR, that is lower than other techniques since the phase components transmitted in VPW-and polar-based OFDM are naturally constrained. Adjusting the pulse widths in VPW-OFDM can reduce the noise effects on the phase, which also contribute to reduce the PAPR. Compared with polar-based OFDM, VPW-OFDM achieves a lower PAPR using the given parameters.
Illumination is crucial for indoor VLC systems. Since the illumination level is decided by the average optical power, the normalized average optical power is used to test the BER performance under different illumination conditions. In Fig. 7 , a BER comparison of DCO-, ACO-, U-, polar-based OFDM and the proposed VPW-OFDM is shown. The average optical power is controlled by adjusting the modulation index, β. Using the given parameters in Table 1 , the optimized pulses widthes are obtained for VPW-OFDM. As shown in this figure, the average optical power for DCO-OFDM is the half of the peak power for any β since the DC offset for DCO-OFDM is optimally set to P max /2 for minimizing the zero and peak power clipping. ACO-and U-OFDM have a similar BER performance when providing the same illumination. Compared with ACO-and U-OFDM, DCO-OFDM performs worse in BER but provides a much higher average optical power due to its severe clipping distortion. Adjusting the modulation index, the proposed VPW-and polar-based OFDM can provide similar illumination levels that are higher than other techniques tested with the help of separately transmitting the magnitude and phase information via two frames. Considering both BER performance and illumination, optimally adjusting the pulse width in VPW-OFDM can achieve more than one order of magnitude lower BER than other techniques when the highest illumination is provided using 64-QAM. In addition, this BER advantage allows VPW-OFDM using 128-QAM to achieve a similar minimum BER performance to DCO-, ACO-, U-and polar-based OFDM for a 16.6% higher transmission bit rate. Therefore, when BER = 10 −4 , the bandwidth efficiency comparison of the techniques tested is obtained µ VPW = 1.16µ DCO = 1.16µ polar = 2.32µ ACO = 2.32µ U , which shows that the proposed VPW-OFDM has a higher bandwidth efficiency than DCO-, ACO-, U-and polarbased OFDM. Fig. 8 shows the minimum BER for the techniques tested by using the optimal modulation index with different peak received power. In this result, VPW-OFDM using an optimized η is compared with the case of using a fixed η. For different SINR conditions, an adaptively optimized η minimizes the effects of the additive noise to the phase component and provides a better BER performance than the fixed η case as expected. In this figure, the proposed VPW-OFDM using an optimal η also compares with DCO-, ACO-, U-, and polar-based OFDM. From the results, VPW-OFDM outperforms other techniques tested and has more than 2 dB power advantage.
B. WITH LED BANDLIMITATION
Since the LEDs are bandlimited, a single-tap equalizer can be applied at the receiver to compensate the phase distortion caused by the lowpass filtering. Then, the bit loading algorithm, described in (22), is used to further enhance the total throughput. Fig. 9 illustrates a bit rate comparison of DCO-, ACO-, U-, VPW-and polar-based OFDM. For all the techniques tested, a single-tap equalizer and bit loading algorithm are applied. For a severely narrow bandwidth LED, DCO-OFDM outperforms ACO-, U-, VPW-and polar-based OFDM. Although VPW-and polar-based OFDM do not require the Hermitian symmetric data to generate the real-valued transmitted signal, the ISI degrades the system performance. As the bandwidth of the transmitter increases, the proposed VPW-OFDM can provide a higher bit rate than others due to its resistance to the noise on the phase and its high bandwidth utilization efficiency.
V. CONCLUSION
This paper proposes a variable pulse width optical OFDM technique for indoor VLC systems. Considering the severe effects of the additive noise on the phase component in polarbased OFDM, the proposed VPW-OFDM can optimally adjust the pulse widths of the magnitude and phase components. By adaptively adjusting the pulse widths, the effects of the noise added on the phase can be dramatically reduced. From the numerical results using the given parameters, the proposed VPW-OFDM can provide a similar illumination level to polar-based OFDM, which is higher than DCO-, ACO-, and U-OFDM when the minimum BER is achieved. In addition, VPW-OFDM can provide the lowest minimum BER among the OFDM techniques tested. By optimally adjusting the pulse widths, the proposed VPW-OFDM can save more than 2 dB peak radiation power than other techniques. Considering the channel bandwidth constraint, VPW-OFDM performs worse than DCO-, ACO-and U-OFDM when the bandwidth is severely limited. For a wider channel bandwidth, the proposed VPW-OFDM outperforms the stateof-the-art techniques tested.
APPENDIX
In this appendix, the derivation of (18) 
